Application of robotic technologies to aircraft servicing is a research initiative at the Air Force Institute of Technology. Current efforts are concentrated on demonstrating a concept for semi-autonomous ground based robotic refueling. We envision a shared system where a human positions the refueling arm in the vicinity of the aircraft and then allows the refueling port detection and nozzle insertion to be done automatically by a combination of visual servoing and compliant control. Experimental concept evaluations have successfully demonstrated algorithms for port detection, visual servoing, and compliant control of nozzle motion and insertion. A project overview is provided.
Introduction
Within the Air Force, the design and implementation of autonomous robotic systems capable of performing complex tasks will be a major initiative in the coming decade [3]. One complex turnaround task that has been focused on over the past several years is autonomous ground-based aircraft refueling [5]. The ground refueling task requires three well trained personnel to perform the grounding of the aircraft and connecting the refueling nozzle to the side of the aircraft. The task is more difficult to perform in a hostile, chemical or biological environment. One proposal for a ground-based robotic refueling is to drive a refueling vehicle close to the aircraft and have a robotic arm reach over the aircraft to the aerial refueling port to complete the refueling. With this approach, one individual could sit safely in the cab of the truck and would not have to be exposed to a potentially hostile environment to refuel aircraft.
A research initiative at the Air Force Institute of Technology (AFIT) is the evaluation of the enabling technologies required for autonomous operation of the port location and nozzle insertion portions of the robotic refueling task. Our approach advocates an intuitive integration of both vision and control technologies. The basic premise is to let each technology do what it does well. Vision systems are good at providing coarse position information. Compliant control schemes utilize force information to compensate for errors in g o d position. Proper combination will produce a simple autonomous system for mating the refueling arm and aircraft port.
The goal of the refueling research project was to demonstrate the component technologies for our robotic refueling concept. The project was divided into two areas; visual port recognition/servoing and compliant control. The remainder of this paper highlights the research accomplishments that lead to a successful concept demonstration. Section two describes the refueling testbed. Vision processing is discussed in section three. Development and evaluation of an algorithm for compliant motion along the slipway is presented in section four. Conclusions are in section five. A more through description of our results are in [2, 11.
Refueling Testbed
The concepts for robotic refueling were experimentally evaluated in our 1aboratory.A PUMA-560 simulates the refueling arm. Attached to the PUMA are a Sony CCD video camera, Model XC-38, and a JR3 force sensor. An ITEX 100 Image Processing System provides realtime image acquisition and processing of a digitized image. Each image acquired consists of a pixel array size of 512 X 480 12-bit elements. The ITEX board is housed in a VAXstation 111 which provides the computational power for the recognition algorithms. The simulated refueling port is a half scale mockup of a standard Universal Aerial Refueling Receptacle Slipway Installation (UARRSI). A simple cylinder mounted at the end of a rod connected to the force sensor attached to the sixth link flange simulates the refueling nozzle. A picture of the refueling testbed is in [7].
Vision Processing
Our refueling concept requires that the system autonomously locate the aerial refueling port and position the nozzle on the slipway. The desire to refuel without irradiating the aircraft with lasers or ultrasonics, or extensive modifications to existing aircraft systems, lead to an investigation of visual techniques. The vision system must identify the refueling port and provide the proper joint angles that correspond to it's location. A robust pattern recognition is the key component of that vision system.
An effective recognition system must function in different lighting conditions since ideal lighting, without shadows, can not always be guaranteed. A brightness invariant port recognition system (BIPRS) which relies on edge detection, line merging, loop formation, and knowledge driven recognition was developed. The BIPRS relies on three rectangular indicators placed around the refueling port. The indicators provided long straight edges ideally suited for edge detection algorithms without requiring extensive aircraft modification. A priori knowledge of the indicator geometry allows the BIPRS to locate the port and provide range and orientation information for servoing the robot arm into position.
3.1
The ITEX image processing board acquires and preprocess the image [7] . Preprocessing is performed by the Sobel edge operator function resident on the ITEX board. The ITEX directly provides the visual system processor with an edge representation of the image. The objective was to evaluate the edge detection as a brightness invariant initial processor. Selection of an optimum edged detection algorithm was beyond the scope of this research. The Sobel edge operator was used because it was available on the ITEX board.
The Sobel operator provides an edge that is between three to five pixels wide. A non-maximal suppression (NMS) algorithm thins the edge to one pixel wide. The image is thresholded to remove noise in conjunction with the NMS. All the remaining pixels are searched and combined into a linked-list of pixels that form small edges which are added to a linked list of edges and then sorted to place the larger edges on top and the smaller edges on the bottom of the list.
Image Acquisition and Initial Processing

Edge Processing
In the edge processing stage, the linked-list of small edges is searched for edges that can be combined together by replacing missing pixels [2] . The end of the first edge in the linked-list is compared with the ends of other edges. If there is only one edge that has an end that is within close proximity of the end of the target edge, the two edges are combined. If more than one possible connection is possible, no combination is accomplished. The process is repeated until all possible connections are made. Gaps between edge segments can be as large as seven pixels and still have the edges combined. Once all the edges are combined, the linked-list is searched for possible closed loops that could represent one of the indicators used for recognizing the refueling port [4] . If the head of the linked-list is within five pixels of the tail of the list, then the loop is completed and added to a linked-list of closed loops. If both ends of the linked-list edge are on the border of the image, the loop is closed by inserting pixels until the two ends are connected and the loop is added to the closed loop list.
The closed loops formed from the previous step are searched to find the rectangular indicators. The centroid of the closed loops is calculated by summing the x and y position of all the pixels in the loop and dividing by the number of pixels in the loop. After the centroid is calculated, the shape of the closed loop is determined by arbitrarily dividing the closed loop into two separate segments, then searching each segment for the point on the loop that is the maximum distance from the line connecting the two end points of the two segments. Once the maximum point is found, two lines are drawn from the two end points to the maximum point. The procedure is repeated for these next line segments until the maximum distance on the loop segment and the line is less than two pixels [7] . Once all line segments that approximate the loop are determined, the slopes of the lines are compared with the slope of its neighbors and if the arctan of the slopes are within five degrees of each other then the two line segments are combined to form one line. This process is repeated for each closed loop identified.
Port Recognition
The line approximation of closed loops are first searched to find the top indicator. If the closed loop is rectangular (number of lines approximating the loop equal to four with two parallel long edges) and the rectangle has a ratio of 1ength:width of approximately 3:1 and the slope of the long edge is less than 1.0 then the loop is identified as the top indicator. Once the top indicator is located, then the closed loops are searched for the two side indicators. The side indicators have 1ength:width ratios of approximately 4: 1 and the slope of the long edge is perpendicular to the slope of the long edge of the top indicator. If the slope of the line connecting the center of mass of the side indicator with the center of mass of the top indicator is positive, then the side indicator is identified as the left indicator, otherwise it is identified as the right indicator. If all three indicators are found, the center of mass of all the indicators is calculated. The deltas from the center of the image to the center of mass of the indicators for final movement of the robot arm. The range is determined based on the length of the top indicator. All three Values, deltas, deltay, and range are used to determine the movement of the robot [8].
Searching for the Port
For semi-autonomous operation the refueling manipulator must be able to locate the port from an arbitrary starting position above the spine of the aircraft. To simulate that procedure an algorithm was developed to search the workspace around the half-scale mock-up and locate the port. The search is a simple static look and move procedure [8] . If the PUMA robot reaches one of its mechanical stops during the search for the port, the direction of the search is reversed . If at least two possible indicators are identified by the BIPRS the search algorithm deviates from its nominal pattern by centering the two indicators in the image. Once the indicators are centered, the BIRPS takes a second look to verify that the refueling port is present before providing the refueling port coordinates or allowing the search to continue.
Experimental Results
The performance of the brightness invariant port recognition system (BIPRS) was evaluated over a variety of simulated flightline conditions. The BIPRS was able to identify the refueling port in a wide range of lighting conditions and was invariant to port orientation and size. The recognition algorithm also identified the refueling port when there were partial indicators visible.
Detailed BIPRS analysis is in [7, 21.
Servoing
Based on the width of the top indicator, the range of the port to the camera was derived. With that value, the range from the base of the PUMA was derived and its Cartesian location found based on the forward kinematics equations for the first three links of the PUMA. With the location and range parameters of the port known, the inverse kinematics were derived through simple Law of Cosines equations. Previously developed robot servoing routines were used to command the robot arm along a trajectory which aligned the refueling nozzle with the port [8] The visual servoing algorithm placed the nozzle within 10 cm of the refueling port. That level of accuracy provides an acceptable starting point for a compliant insertion algorithm.
Compliant Control
The primary objective of this portion of the refueling project was to accomplish a simulated refueling port connection between a refueling nozzle and the UARRSI port using the PUMA-560 robot under active compliance control. While visual servoing is a necessary part of an autonomous refueling system, it is inappropriate for fine motion task control. A simple analogy is putting a record on a spindle. You need your vision system to provide an approximate location of the hole relative to the spindle, but the actual insertion is usually accomplished by feel once the record and shaft are in contact. Compliant control provides a robot with the ability to mimic a human's ability to feel i.e. comply with the environment.
The requirement to comply with the environment, and not necessarily command contact forces, was the basis for our selection of an impedance control approach. The form of nonlinear impedance control implemented in this study was first derived by Hogan [6] and modified for the refueling problem. Implementation details are in [l].
Test Conditions
A robotic manipulator which carries the refueling nozzle must: move to the slipway, maintain surface contact, apply minimal force to the surface, overcome jamming at the port, and enter the refueling port. To evaluate the impedance controller's ability to meet those requirements the robot was commanded to track a simple trajectory. The test trajectory consists of two segments, a vertical drop and a forward sweep [5] . This trajectory was designed to drop onto the refueling port slipway with commanded position going below the slipway surface and then moving forward into the refueling port. This motion provided continuous contact with the environment in the constrained case.
Parameter Selection
Selecting the parameters for the second order impedance model was done by first equating the characteristic equation of the Laplace transform of Hogan's impedance model with the the characteristic equation for a general second order equation. This provides a relationship between natural frequency and damping ratio, and the mass, damping, and gain terms of the impedance model. The next step was to select the desired natural frequency and damping ratio. Desired frequency was selected to minimize any excitation of the structural modes of the manipulator. To assure minimum overshoot and oscillation, a damping ratio of 1.0 or greater was chosen. An additional restriction placed on these parameters was to avoid pole warping caused by estimating an analog event with a digital controller. A second aspect of parameter selection was to determine how robust this controller is to variations in these parameters. This was done by selecting desired mass, damping, or gain characteristics. The damping ratios and natural frequencies that resulted ranged from 0.0174 to 1.40, and 1.70 to 18.52 respectively.
E x p e r i m e n t a l Results
The impedance control algorithm provided the compliance necessary to accomplish the slipway tracking and nozzle insertion. Variations in natural frequency and damping ratio, had marginal affect on controller performance. A full set of torque and tracking error profiles are in [l] . In all cases the refueling scenario was completed in a stable manner.
Limitations
During the course of the experimentation, it was discovered that although the controller can adjust to varying degrees of required compliance, there are limitations. The best example results from the design of the refueling port. The transition from slipway to receiver is relatively smooth and continuous in an operational UARRSI port. The design used here incorporated a flat backwall in which the receiver lies. This produces a condition where the nozzle follows the slipway sidewall, then gets 'stuck' in the corner formed by the slipway side and the back walls. The important aspect of this is that although the nozzle is unable to continue into the receiver at this point, the controller remains stable.
Conclusion
Robotic aircraft refueling systems will inhabit the flightline of the future. A refueling testbed has been developed at the Air Force Institute of Technology Robotic Systems Laboratory to support development and evaluation of the enabling technologies that will make robotic refueling a reality. Initial research has concentrated on automating the refueling task once the aircraft is within the refueler's range space. We have successfully demonstrated a concept for autonomous nozzle insertion that utilizes techniques of visual port recognition/servoing and impedance control. Further research will provide the refinements necessary for full scale development.
